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A B S T R A C T
Holocene paleo-records of the Chinese Loess Plateau loess–soil proﬁles were used to reconstruct wildﬁre patterns
and landscape evolution. We examine black carbon and charcoal inﬂux, combined with the Magnetic suscept-
ibility, δ13C values of soil organic matter, pollen counts and other paleo-environmental proxies to discuss in-
teractions with biomass–climate during the Holocene. The history of ﬁres from the charcoal and black carbon
(BC, char and soot) inﬂux at the two sites demonstrates a transition from climate-controlled low amplitude
variations with peaks during the Early and Middle Holocene (11-3.1kyearsB.P.) to higher amplitude variability
in ﬁre occurrence decoupled from climate and tied to human activities during the Late Holocene (3.1-
0kyearsB.P.). The diﬀerence in ﬁre patterns was attributed to regional eﬀective moisture and human land use
over the entre Loess Plateau; meanwhile, ﬁre activities observed during the Holocene are consistent with var-
iations in vegetation composition inferred from δ13C values in soil organic matter, pollen counts, and paleo-
climate proxies. Regional wildﬁres rarely occurred on the desert steppe dominated by a weedy C3 taxon
(Artemisia, Compositae, and Chenopodiaceae dominated)during the late glacial period. A limited biomass would
not meet ﬁre propagation in the extreme colder and drier environment of the Loess Plateau during those periods,
though. As the climate became ameliorated during the early Holocene, there was an increasing biomass and a
suﬃcient contribution do to high fuel accumulation from C4 taxon (Gramineae). As the middle Holocene pro-
gressed toward warmer and wetter conditions, ﬁre events were less frequent on the steppe and forest-steppe (e.g.
expansion of trees C3,Quercus, Corylus) of the Loess Plateau. Subsequently, the number of local and regional ﬁre
events have largely increased with the colder and drier climate conditions (e.g. expansion of C3 weedy), which
have been decoupling with intensive anthropogenic burning for farming since the past 3kyr.
These data suggests that the regional ﬁre patterns vary strongly along environmental gradients in the eﬀective
moisture and regional fuel availability as well as the spatial and temporal distributions of Neolithic burning
practices over the Loess Plateau in response to the weakening East Asian monsoon during the Holocene.
1. Introduction
Fires play a key role in the evolution of the natural landscape and in
the carbon cycle from the terrestrial biosphere to the atmosphere
(Bowman et al., 2009). The extent and frequency of wildﬁres are closely
related to seasonal climate variability (wet or dry), vegetation types and
human activity (Conedera et al., 2009). The occurrence of ﬁre is largely
controlled by climatic changes (Archibald et al., 2008), and thus in-
ﬂuenced by vegetation structure and productivity (Daniau et al., 2009;
Pechony and Shindell, 2010); Fire occurrence in turn responded to
climate condition through the evolution of vegetation and post-ﬁre
response at the millennium timescales (Moreira et al., 2011).
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Meanwhile, the vegetation composition and distribution of ﬁre were
greatly modiﬁed to human land farming on the Loess Plateau by the
“slash and burn” method during the last thousand years (Huang et al.,
2006; Tan et al., 2011).
The studies of wildﬁre history have rapidly developed during the
past few decades. Currently, wildﬁre regimes were investigated
throughout the world using biological geochemistry, remote sensing
technology, atmospheric physics, environment modeling and other
multi-disciplinary technologies (Kehrwald et al., 2013; Marlon et al.,
2013). These studies greatly contribute to our understanding of the
interaction between ﬁre, vegetation and climate during Holocene. A
key research focus initial is to understand the behavior of natural
wildﬁres using historical database from remote sensing and tree ring
studies (for the last ﬁfty years only) or reports provided by govern-
mental forestry departments from anthropogenic and natural ignitions
(Kehrwald et al., 2013). Subsequently, an alternative source of evidence
concerns ﬁre regimes and its forcing driver from the reconstruction of
past wildﬁre sequence, and also the study of wildﬁre history was from
site-speciﬁc locations to establish intra- and inter-regional wildﬁre
database (Haberle and Ledru, 2001; Huber et al., 2004; Higuera et al.,
2007; Whitlock et al., 2007; Vanni'ere et al., 2008; Jiang et al., 2008;
Marlon et al., 2009; Kaal et al., 2011; Han et al., 2012; X Wang et al.,
2012). Recently, compilations of such records have produced useful
global and regional syntheses of lateglacial to Holocene ﬁre regimes
from the Global Charcoal Database (Power et al., 2008; Daniau et al.,
2012; Marlon et al., 2013). Most of their studies primarily focused on
the correlation with ﬁre and climate change at various scales, whereas
few reports investigated the complex interaction between ﬁre, and
vegetation (fuel), climate and human activities.(Yang et al., 2001; X
Wang et al., 2005; Huang et al., 2006; Zhou et al., 2007; Li et al., 2009;
Tan et al., 2015; Miao et al., 2016a). Paleoecological research has
shown that vegetation strongly mediates climate–ﬁre relationship by
altering landscape patterns of vegetation and fuels (Higuera et al.,
2009). The occurrence and propagation of ﬁres are strongly governed
by the moisture content of the low fuel and suﬃcient high fuel accu-
mulation. Recent studies show that wildﬁres could have occurred in
relatively warm and dry climatic conditions during the early of Middle
Holocene, whereas wildﬁre frequency was also an increase in cold and
dry climatic conditions during the Late Holocene. This suggests that
fuel characteristics also may be an important control rather than di-
rectly climate-determined inﬂuences on ﬁre regimes in the semi-arid
and sub-humid region (Christensen, 1993). However, there is no stan-
dard protocol attached to the charcoal and black carbon analysis from
continental or marine sediment due to diﬀerences of regional scale. It is
so diﬃcult to establish comparisons between diﬀerent paleo-environ-
ments throughout the world that a detailed understanding of the rela-
tions between ﬁres, vegetation composition and climate change during
the Holocene remains limited (Hawthorne et al., 2017; Tan et al., 2015;
X Wang et al., 2013). Furthermore, there is no clear relation between
ﬁres, vegetation composition (C3/C4) and the distribution of human
land use in response to the East Asian monsoon. We addressed this
problem by investigating the interaction between wildﬁre, seasonal
climate change and vegetation composition, as well as human land use
at centennial-to-millennial time scales. The available charcoal and
black carbon records will provide us an opportunity to examine the
linkages with ﬁre regime, the vegetation dynamics and human land use
Fig. 1. Map showing the study region on the Loess Plateau. The study sites from black carbon and charcoal records are marked as boxes: Liangjiacun (LJC) site,
Liangjiayao site (LJY, a previously-investigated site, Tan et al., 2015), and Nanguanzhang (NZ) site (Han, 2000) in the southern part of the Loess Plateau;
Changchengchun (CCC)site, Changchengyuan site (CCY, a previously-investigated site, Tan et al., 2013)and Fuxian (FX) site (Cheng, 2011)in the northern part of the
Loess Plateau; The pollen data used in the study sites from NZ and FX sites marked as circles.
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in response to the East Asian monsoon over the Loess Plateau.
2. Regional setting and loess proﬁles
The study sites include the Changchengcun (CCC) proﬁle in the
northern part of the loess tableland (35°52′0.8″N Lat.,106°46′43.9″E
Long.; 1400m a.s.l.) and the Liangjiacun (LJC) proﬁle in the
Guanzhong Basin in the south (34°26′46″N Lat., 107°40′27″E Long.;
640m a.s.l.)The two investigated sites are aligned along a north–south
transect across the Loess Plateau and span the gradient change of cli-
mates and vegetation types from a steppe to a forest-steppe landscape.
The recorded mean annual temperature varies from 7.8 °C to 13.5 °C
and the mean annual precipitation from 550mm to 700mm with 60%
of the precipitation falling during July and September. The annual
average evaporation ranges from 700mm to 1200mm (Qian, 1991,
Fig. 1). The climate of the studied region is warmer and wetter during
summer because the western Paciﬁc subtropical high aﬀects the south-
east monsoon pattern, whereas a colder and more arid climate prevails
during winter due to the impact of the northwest monsoon dominated
by a high atmospheric pressure system coming from Inner Mongolia.
This region is also the ecotone between Chinese traditional dry farming
and nomadic pastoral practices. Here, wildﬁre activity has been highly
susceptible to global and regional climate change and human land use
since the Holocene. Meanwhile, the regional landscape has also ex-
perienced a long history of dry farming by means of the ignited ﬁre
method (“slash and burn”), which has been traced back to at least in
past 8kyr (Li et al., 2009; Huang et al., 2004, 2006; 2009a; b;
Archaeological Institute of CASS, 1991; Editorial Board, 1998). Many
Neolithic settlements have since arisen on the Loess Plateau during the
Holocene, such as the Laoguantai Culture (7.8–7.0kyrBP) and the
Yangshao Neolithic Culture (7.0–5.5kyrBP; Tan et al., 2015). The pro-
ﬁles at the CCC site and a further site at Changchengyuan (CCY, a
previous study site; Tan et al., 2013) are located in the northern part of
Loess Plateau in the east of the Liupan Mountains and is on the margin
of The Great Wall of China (Fig. 1). A total of 50 and 125 loess sediment
samples were taken every 5 cm and 2 cm spaced continuously down the
study proﬁles from ground surface at the CCY and CCC sites, respec-
tively; the proﬁles at the LJC site and a further site at the Langjiayao
(LJY; previously-investigated site, Tan et al., 2015) are situated on the
southern part of the Loess Plateau (Guanzhong Basin). A total of 60 and
75 loess sediment samples were taken every 5 cm spaced continuously
down the study proﬁles from ground surface at the LJY and LJC sites,
respectively. Both sites are currently dominated by cultivated farming
landscapes.
3. Stratigraphy and chronology
The loess stratigraphic sections and the robust OSL-derived chron-
ology (optically stimulated luminescence) of the CCY and LJY proﬁles
helped establish pedo-stratigraphic subdivisions principally deﬁned by
detailed observation of the color, texture and structure of the sediments
in the ﬁelds (Archaeological Institute of CASS, 1991). The LJC and LJY
proﬁles are situated on a ﬂat or shallow saucer-shaped landscape in the
western Guanzhong Basin. The two proﬁles are only separated by
100m on the southern part of loess tableland (Fig. 1). Similarly, the
CCC and CCY proﬁles, closely separated by 50m, are located on the
loess tableland in the northern part of Loess Plateau (Fig. 1). A Cher-
nozem soil (Heilusol in Chinese, Chernozem in WRB) is developed in
the steppe and observed at the CCY and CCC sites, while a Cinnamon
soil (the Ustic Isohumisol) developed in the steppe-forest at the LJY and
LJC sites, deposited in the southern part during the Middle Holocene
(Tan et al., 2013). They are well preserved and the pedo-stratigraphy
well-correlated in their stratigraphic sections (Figs. 1 and 2), and also
share similar chronology, lithology, and vegetation types between them
(Tan et al., 2013, 2015). The OSL age data determined from the proﬁles
of the LJY and the CCY sites, integrated with the identiﬁcation of
archaeological remains and stratigraphic correlations, provides two
reliable chronological framework, respectively (Fig. 3; Archaeological
Institute of CASS, 1991; Gansu Museum, 1960; Huang et al., 2006; Tan
et al., 2013). The chronological framework established in the study sites
is well correlated with the other dating proﬁles over the Weihe River
Drainage Basin (Fig. 2; Huang et al., 2003, 2004, 2009a; Tan et al.,
2011, 2013,2015). The pedo-stratigraphic structure of the LJY and LJC
proﬁles was described in detail by Tan et al. (2015). The CCY and CCC
proﬁles is typical section of the Loess Plateau (Fig. 2). The pale yel-
lowish-orange, silty, friable, porous and carbonate rich loess (L1), the
boundary between the Malan Loess (L1) of the last glaciation and the
Early Holocene transitional loess (Lt) were observed at depths of 190 cm
and 180 cm for the CCY and CCC proﬁles, respectively. An OSL date of
11,490 ± 940yr was determined at a depth range of 185–180 cm in the
CCY proﬁle. This boundary is one of the most important stratigraphic
markers of the Chinese loess-paleosol sequence, indicating the end of
the last glacial period and the beginning of the Holocene at 11.5kyrBP
(Roberts, 1992; Mayewski et al., 2004; Hoek and Bos, 2007). The
slightly weathered or pedogenically modiﬁed Early Holocene transi-
tional loess (Lt) was identiﬁed at depth intervals of 190–150 cm and
180–150 cm from the CCY and CCC proﬁles, respectively. The Ustic
Isohumisol (S0) was recognized at a depth range of 150–54 cm in the
CCY and CCC proﬁles. An OSL date of 6740 ± 720yrBP was obtained
from a depth range of 135–130 cm in the CCY proﬁle. The paleosol (S0)
is widely distributed over the Loess Plateau and was dated at
8.5–3.1kyrBP (Huang et al., 2000). The Paleosol (S0) is underlain by the
transitional loess (Lt) of the early Holocene, and it is buried by the
recent loess and the topsoil (L0, TS) of the late Holocene age in the
depth range of 54–0 cm in the CCY and CCC proﬁles. An OSL date of
2830 ± 400 yrBP was obtained at a depth of 60–55 cm in the top part
of the recent loess in the CCY proﬁle. The loess (L0) is the most widely
distributed and easily identiﬁable pedo-stratigraphic marker of the
Holocene loess-paleosol proﬁles in the middle reaches of the Yellow
River (Liu, 1988). Here, the recent loess (L0) and topsoil (TS) layer of
the late Holocene were identiﬁed above the depths of 20 cm in the
proﬁles.
4. Methods
Magnetic susceptibility was measured with a Bartington MS2
Magnetic Susceptibility Meter (0.47/4.7 kHz). The black carbon con-
centration was determined at the Key Laboratory of Aerosol Science and
Technology on a DRI Model 2001Thermal/Optical Carbon Analyzer by
thermal/optical reﬂectance (TOR) method as speciﬁed by the IMPROVE
protocol (Han et al., 2007, 2009). The charcoal data used in this study
was from the LJY and CCY proﬁles (Tan et al., 2013). The charcoal
content was determined by thin section counting following the proce-
dure described by Tan et al. (2013). The statistics for charcoal were
analyzed and counted to obtain counts of ﬁne particles (< 25μm), and
coarse particles (> 100 μm) and to convert these to charcoal con-
centrations (grains/cm2). The pollen data used in the study sites from
the NZ (Nanguanzhang) site (Han,2000) and the Fuxian (FX) site
(Cheng, 2011). The LJC and NZ sites share a similar climate and plant
community in the southern part of loess tableland, whereas the CCC and
FX sites share a similar climate and plant community in the northern
part of loess tableland, although they are not from the same section.
The black carbon (EC-char and EC-soot) inﬂux (mg C/cm2per yr)
and macro/micro-charcoal inﬂux (grain/cm2 per yr) were calculated by
multiplying the black carbon (EC-char and EC-soot; mg/cm3) and
charcoal (macro-charcoal > 100 μm and micro-charcoal< 25 μm;
grain/cm3) concentrations by the sedimentation rate (cm/yr), following
the decomposition technique of Long et al. (1998). The black carbon
and macro/micro-charcoal inﬂux of time series were then interpolated
to constitute pseudo-annual accumulation rates and binned in 50yr
time intervals. The binned concentration values were then divided by
the average deposition times of each binned interval to obtain a time
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series of charcoal accumulation rates (grains/cm2 per. yr; Whitlock and
Larsen,2001; Patterson et al., 1987).
The carbon isotopic composition was determined on a Finnigan-
MAT-251 isotope ratio mass spectrometer located at the State Key
Laboratory of Loess and Quaternary Geology, Chinese Academy of
Sciences. The mass spectrometer uses a dual inlet system and a CS-344
elemental analyzer with a precision of± 0.1‰. The C isotopic ratios
were normalized to the PDB standard with a precision of< 0.2‰ or
better (Liu et al., 2011). The relative abundance of C4 plants as a per-
centage of the total vegetation biomass can be estimated through the
equations elaborated by Vidic and Montañez (2004) speciﬁcally pro-
vided for the Loess Plateau, such as % C4 = 100 × (27 + δ13C)/14;
where the average carbon isotope value of C3 plants is−27‰ and that
of C4 plants is −14‰.
5. Results and interpretation
The magnetic susceptibility is one of the most important proxy in
climate studies from Chinese loess-paleosol sequences (Maher et al.,
1998; Huang et al., 2006). It records the changes in intensity of pedo-
genesis during dust accumulation, resulting from precipitation change
connected with monsoonal climatic variation over Loess Plateau.
(Maher, 1998; Maher and Alekseev, 2002; Balsam et al., 2004; An et al.,
2000). The Magnetic susceptibility values also exhibit similar trends in
corresponding with the layer of loess-paleosol proﬁle at LJC and CCC
sites. The values range from 52.5×10−8 to 251× 10−8 m3 kg−1at the
LJC site, showing a gradual increase from the Early to Late Holocene,
followed by a gradual decrease to the present. The higher values sug-
gest relatively concentrated ultra-ﬁne-grained ferromagnetic minerals
from pedogenesis during the Holocene Climatic Optimum, While lower
values indicated climate aridity and intensiﬁed human disturbance by
arable cultivation in the past 3kyrBP (Fig. 6). At the CCC site, the
Magnetic susceptibility values vary from 36.2× 10−8 to
83.4×10−8 m3 kg−1, showing a gradual increase from the Early Ho-
locene to their highest values around 5.6kyrBP, followed by a gradual
decrease to the present. The higher values also suggest a strong pedo-
genesis process during the Holocene Climatic Optimum. The sharp
decrease below 70×10−8 m3 kg−1observed in the past 3kyr may be
Fig. 2. Stratigraphic subdivision and chronology in the LJC proﬁles, LJY proﬁles, CCY proﬁle and CCC proﬁle over the Loess Plateau.
Fig. 3. Pedo-stratigraphic subdivision and the age/depth curve of the LJC
proﬁle (a) and the CCC proﬁle (b) over the Loess Plateau.
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related to farming (Fig. 4). Moreover, LJC and CCC at the two sites
display obvious diﬀerences in moisture content and in the intensity of
pedogenesis, implying steep climatic gradients from the northern to the
southern part of the Loess Plateau.
Soil organic matter and pedogenic carbonate in sediments have
been widely used to reconstruct the proportion of plants using C3/C4
photosynthetic pathways, and to identify the intensity of pedogenesis
which was closely linked with the East Asian monsoon climate
varibility (Cerling, 1984; O'Leary et al., 1988; Cerling et al., 1989;
Quade et al., 1989, 1995; Ehleringer and Cerling, 2002).
During the Holocene, the δ13C values of soil-derived organic matter
ranges from−18‰ to−24‰ at the LJC site and from-21‰ to−24‰
at the CCC site (Fig. 5). The δ13C-based estimates of the abundance of
C4 plants for the entire Holocene averaged from 60% to 30% at LJC site
and from 45% to 17.5% at CCC site, respectively. The diﬀerences in C4
abundance between the two sites happened before 4kyrBP. The δ13C-
Fig. 4. Comparison of various proxies in the northern part of
the Loess Plateau with other records during the last 12 ka; (a)
macro-charcoal inﬂux (> 100 μm) at the Changchengyuan
(CCY) site (Tan et al., 2013); (b) micro-charcoal inﬂux
(< 25 μm) at the CCY site (Tan et al., 2013); (c) standardized
EC-char inﬂux values at the Changchengchen (CCC) site; (d)
standardized EC-soot inﬂux values at the CCC site; (e) July
65°N isolation is marked by a red line (Berger and Loutre,
1991); (f) δ18O data from Dongge Cave (Dykoski et al., 2005)
indicating regional moisture variations; (g) low-frequency of
magnetic susceptibility data at the CCC site; (h) Composition
of C3 and C4; (i) value of δ13C of soil organic matter data at
the CCC site; (j) The variation of moisture in the arid region
of China (Chen F, 2008); (k). The number of events in ENSO
variability during the Holocene (100-yr windows; Moy et al.,
2002) (l) δ18O data from the Dome Fuji Ice core (Kawamura
et al., 2007) indicating the change of temperature in the
northern hemisphere; (m) the percentage of tree pollen from
the northern part of the Loess Plateau (Cheng, 2011). (For
interpretation of the references to color in this ﬁgure legend,
the reader is referred to the Web version of this article.)
Z. Tan et al. Quaternary International 488 (2018) 18–29
22
based estimates of C4 plant abundance at the LJC site ranges from 60%
to 30% with a general decreasing trend from the Early to Late Holocene
(Fig. 5). The C4 abundance at the CCC site varies from 45% to 15% and,
unlike LJC, displays no signiﬁcant trend from the Early to Late Holo-
cene. However, the CCC site manifests larger ﬂuctuations in C4 abun-
dance during the Late Holocene relative to the Early Holocene. Fur-
thermore, the changes of δ13C values of soil-derived organic matter at
the LJC site are more obvious that of the CCC site, suggesting the
climate was even colder and drier and in favor of C3 plants growth at
the CCC site than that of at the LJC site during the Late Holocene
(Fig. 5).
The Micro-and Macro-charcoal inﬂux diﬀer between the LJY and
CCY sites (Fig. 5). At LJY, the Micro-charcoal inﬂux values range from
0.8 to 11.8×103particles of charcoal cm−2yr−1with maxima present
during the Early Holocene, followed by a sharp decrease between 8.4
and 4.1kyrBP, and the strongest growth after 3.1kyrBP. The Micro-
Fig. 5. Comparison of C4 abundance (a), EC-char inﬂux (b), EC-soot inﬂux(c), Macro-charcoal inﬂux(d) and Micro-charcoal inﬂux(e) at LJC (dark color curve) and
CCC(light color curve) during the Holocene. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)
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charcoal inﬂux highest peaks occurring between 3.1 and 1.5kyrBP and
9–8kyrBP suggest an augmentation in regional ﬁres and an increased
amount of biomass during the Early and Late Holocene. On the other
hand, Peak values of the macro-charcoal inﬂux occur after 3.1kyrBP
indicating local ﬁres were infrequent near the study site until the Late
Holocene.
At CCY, the Micro-charcoal inﬂux values vary from 2.5 to
17.7×103grains. cm−2yr−1 and generally increase after the Middle
Holocene, with the maximum increase beyond 1.5kyrBP(Fig. 5). The
increase in Micro-charcoal inﬂux implies a growth in regional ﬁres and
in the amount of biomass during the Late Holocene (Fig. 5). Further-
more, Macro-charcoal inﬂux peaks occurring after 2.9kyrBP indicate
that local ﬁres were infrequent near the study site until the Late Ho-
locene. However, much higher Micro-charcoal inﬂux at the CCY site
relative to LJY site signify more frequent ﬁres during Holocene (Fig. 5).
Comparison of the macro-charcoal inﬂux between the two sites re-
veals a similar high frequency of ﬁres corresponding to intensive land
use by humans in the past 3kyr in the entire Loess Plateau. Whereas the
inferred large diﬀerence from micro-charcoal inﬂux between the two
sites implies the diﬀerence in regional ﬁre frequency and ﬁre extent
from northern to southern part of Loess Plateau during Holocene.
High resolution analysis of black carbon preserved in accretionary
loess–soil proﬁles has reconstructed ﬁre history and human activity in
response to climate change (Wang et al., 2005). The LJC site presents
variations in EC-char and EC-soot inﬂuxes from 0.003 to 0.078 and
0.003–0.008mg cm−2yr−1,respectively.They present a gradual in-
crease from the Early Holocene and reach high values between
4–3kyrBP followed by a sharp decrease to the present (Fig. 5). High
peaks in BC inﬂux around 3.5kyrBP suggest an increase in regional ﬁres
or in the amount of biomass during the Late Holocene.
EC-char and EC-soot inﬂuxes from the CCC site vary from 0.0006mg
cm−2yr−1to 0.0223mg cm−2yr−1and 0.0012mg cm−2yr−1to
0.0101mg cm−2yr−1, respectively. We observe a gradual increase be-
tween 8kyr and 3kyrBP, succeeded by the largest increase around past
3kyr and then a decrease to stable levels by past 2kyr (Fig. 5). The BC
inﬂux growth indicates an increase in regional ﬁres or in the amount of
biomass during the late part of the Middle Holocene and the Late Ho-
locene (Fig. 5). In addition, the much lower BC inﬂux at the CCC site
relative to LJY during the Holocene reveals the burning of regional
biomass being closely related to diﬀerent build-up and composition of
burnable biomass. However, since past 3kyr, the Soot Inﬂux at the CCC
site is higher than that of at LJY, signaling a more arid climate in the
northern part of the studied region.
6. Discussion and conclusions
6.1. Fire, charcoal, and BC(char, soot)
The history of ﬁres determined by Macro/micro-charcoal and
BC(EC-soot and EC-char) records at the LJC and CCC sites demonstrate
a roughly similar pattern of ﬂuctuations during Holocene, consistently
reﬂecting the regional emission of smoke carbonaceous particulate
material and biomass burning activity (Thevenon et al., 2010). Both of
the two sites present a transition in low amplitude peaks with a gen-
erally increasing trend during the early and middle of Holocene (11k-
3kBPyr), while higher amplitude ﬁre occurred during the Late Holocene
(3kBPyr-0, Fig. 5). However, in the macro- and micro-charcoal record,
the peaks in the two proﬁles occur primarily in the past 3kyrBP.,
whereas the highest values of BC (EC-soot and EC-char) inﬂux still
present frequently of 4-3kyrBP. (Fig. 5). The BC and charcoal records
from Lake Daihai, about 1000 km to the northeast of the LJC site, shows
the similar trends with the higher values (Han et al., 2012; Tan et al.,
2015). The diﬀerences in the timing of the trends may be ascribed to
either diﬀerences in ﬁre history at spatial scales, or they may reﬂect
diﬀerences in transportation mechanisms and fuel combustion eﬃ-
ciency (Thevenon et al., 2010; Tan et al., 2015; Han et al., 2016).
Several aspects of the records can be interpreted in the context of the
data on climate changes and human activities (Tan et al., 2015). In
contrast to the records of regional biomass burning at the LJC and CCC
sites (Fig. 5), EC-char/EC-soot inﬂux at the LJC site is much higher than
that at CCC site, while micro-charcoal inﬂux at the LJC site is still ob-
viously lower than that at CCC site, suggesting that regional ﬁres at the
LJC site did not consume as much biomass relative to the CCC site. Soot
inﬂux at the two sites show that there was an arid trend over Loess
Plateau since Holocene, and especially the arid trend on the northern
was stronger than that of the southern in the past 3kyearsB.P. inferred
by the lines of evidence from δ13C of soil organic matter, the Dongge
cave δ18O values and Magnetic susceptibility in the Loess Plateau
(Figs. 4 and 5). The diﬀerences in the values of BC and charcoal inﬂux
suggest that: ﬁrstly, regional fuel accumulation and biomass between
the two sites were an gradient changing trend from a steppe in the
northern part of Loess Plateau to a forest-steppe landscape in the
Southern; Secondly, Herb biomass provides highly ﬂammable fuel for
grassland ﬁres on Loess Plateau, which likely tended to be of frequent
low intensity and low combustion eﬃciencies, injecting particles only
into low atmospheric levels; this may have yielded a very limited black
carbon ﬂux and a large charcoal inﬂux to the deposition site recorded
by a high charcoal and low BC inﬂux during the early and late of Ho-
locene (Wang et al., 1999; Umbanhowar, 1996; Umbanhowar and
Mcgrath, 1998; Pearl, 1999). Lastly, lower combustion eﬃciencies tend
to favor smoldering ﬁres which produce more charcoal than
BC(Yokelson et al., 2011). Regionally, Micro/macro-charcoal inﬂux and
ﬁre-episode occurrences indicated that local and regional ﬁres were
more frequent during arid conditions, where steppe occurred in the
loess tableland region, than in the Guanzhong Basin to the south (forest-
steppe) during the early and middle of Holocene (Figs. 4 and 5). This
ﬁre pattern may have been controlled by a relatively steep gradient of
precipitation and regional fuel availability over the Loess Plateau, sig-
niﬁcantly decreasing from south to north under the inﬂuence with the
strengthening of the Asian monsoon in the last 9kyr (An et al., 2000;
Chen et al., 2008; Tan et al., 2013; Zhao et al., 2010; Zhao and Yu,
2012; Miao et al., 2016b). Therefore, the higher black carbon ﬂux at
LJY relative to the CCC site is the result of diﬀerent biomass accumu-
lations, vegetation composition and the intensive land use by humans
during the Late Holocene (Figs. 4 and 5, Qu et al., 2010).
Additionally, the records from BC (EC-char and EC-soot) and char-
coal suggest changes in seasonal climate in relation to short-term cli-
matic events (Fig. 4a–d). The subsequent increase in ﬁre-episode fre-
quency between 4 and 2kyrB.P.was consistent with the
climatic“deterioration” events (4.2–4.0kyrBP) under cooler and drier
conditions in the late Holocene and also with changes in the spatial and
temporal distributions of Neolithic burning practices, such as land re-
clamation and crop cultivation, during those periods (e.g., expansion of
C3 plants). Many lines of evidence from climatic proxies from China's
monsoonal regions have identiﬁed an abrupt climatic event between
4.2 and 4.0kyrBP (Wang et al., 1999; Wu and Liu, 2004). Therefore, ﬁre
patterns at the two sites may be attributed to the fuel availability and
fuel combustion eﬃciencies, as well as the mechanism of particle
transportation and deposition at various spatial scales (Tan et al., 2015;
Han et al., 2016).
6.2. Climate, vegetation C3/C4 abundance and ﬁre
A pervious study shows that the eﬀective moisture variability and
fuel characteristics are also the important control of the ﬁre occurrence
during the Early and Late Holocene (Tan et al., 2013). However, as with
climate changes, distinct diﬀerences existed in vegetation composition
and structure between the two sites which may aﬀect ﬁre occurrence
during the Holocene (Neslon et al., 2004). Successful spread of ﬁres
requires a combination of suﬃciently low fuel moisture content and
suﬃciently high fuel accumulation and continuity (Christensen, 1993).
Here, we combine vegetation composition, the C3/C4 abundance and
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the frequency of ﬁres from the two sites to discuss the trend of ﬁre
patterns at temporal and spatial scale in response to the East Asian
monsoon climate.
The Artemisia, Compositae, and Chenopodiaceae pollens dominate a
weedy C3 taxon that includes herbs and shrubs along with a moderate
abundance of Gramineae pollen (a weedy C4 taxon) during the late
glacial period. Their low concentration pollen presented at the NZ and
FX sites suggests regional wildﬁres occasionally occurred on a highly
disturbed and patchy desert steppe due to a lower eﬀective moisture
and limited fuel availability during those periods (Han, 2000; Cheng,
2011, Figs. 6 and 7). However, as with a climatic amelioration during
the early of Holocene, the inferred C4 plant-derived ﬁres had an mod-
erate increasing trend during those periods at the two sites. An in-
creased C4 (Gramineae)contribution to combusted biomass likely
reﬂects an increase in source of fuel accumulation, presumably as a
result of the conferring on C4 taxa of a competitive advantage at in-
terval of increased aridity, as inferred from the records of pollen and
δ13C of soil organic matter during those periods (Zhou et al., 2014; Han,
2000; Cheng, 2011).
The climate became warmer and drier (lower eﬀective moisture
variability)at the start of the Middle Holocene, inferred by the lines of
evidence from δ13C of soil organic matter, the Dongge cave δ18O values
and Magnetic susceptibility in the Loess Plateau (Fig. 4; Tan et al.,
2015). The Quercus and Artemisia were 5% less abundant, along with
Gramineae was 20% slightly abundant in pollen record at NZ sites;
Whereas the Corylus and Gramineae were 5% less abundant, and Arte-
misia was more widespread at the FX site (Fig. 6). The pollen assem-
blage at both sites suggests ﬁres rarely occurred on a arid steppe
Fig. 6. Data used for climatic proxy (a, low-frequency of magnetic susceptibility), charcoal inﬂux(b), EC-char inﬂux(c),EC-soot inﬂux(d), δ13C (TOC) and the percent
of C4 (e), and Quercus(f), Artemisia(g), Gramineae(h) pollen abundance (Han, 2000) in the southern part of the Loess Plateau.
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dominated C3 plants of the loess plateau at the start of the Middle
Holocene (Han, 2000; Cheng, 2011, Figs. 6 and 7). A reduced biomass
(lower C4 plant abundance) in an extremely arid and cold environment
prevailing at 8.2kyrBP would have limited the propagation and the
occurrence of ﬁres (Han et al., 2012; Tan et al., 2015).
As the Holocene progressed with a warmer and wetter condition in
the Middle of mid-Holocene recorded by the lines of evidence in the
Loess Plateau (Figs. 6,7; Tan et al., 2015), the abundance and trees and
shrubs pollen expanded substantially (an increasing of C3 wood plants)
during those periods (Figs. 6 and 7), which produced suboptimal and
microclimatic conditions for C4 taxa (Ehleringer et al., 1997). Whereas
ﬁre occurrence was reduced in the a forest-steppe of Loess plateau.
Speciﬁcally, Quercus and Artemisia pollens increased in abundance from
5% to 20%, along with the Gramineae pollen decreased from 30% to
15% at the NZ site (Fig. 6);Corylus and Gramineae pollens increased in
abundance from 6% to 12% and from 3% to 12%,respectively, While
Artemisia showed an substain and little change at 70% at the FX site
(Fig. 7) during the middle of Mid-Holocene. The abundance of the
Quercus and Artemisia pollens declined from 15% to 6% during the end
of the Middle Holocene with Gramineae showing a slight growth ran-
ging from 15% to 30% at NZ site (Fig. 6). The FX site abundance of
Corylus and Gramineae pollens fell from 12% to 3%, along with Arte-
misia showed a slight increase varying between 75% and 80% (Fig. 7).
During the Late Holocene, the climate became more arid and colder,
Fig. 7. Data used for climatic interpretation (a,low-frequency of magnetic susceptibility), EC-char inﬂux(b),EC-soot inﬂux(c), Charcoal inﬂux (d), δ13C (TOC) and the
percent of C4 (e), and Corylus(f), Gramineae (g), Artemisia(h) pollen abundance (Cheng, 2011) in the northern part of the Loess Plateau.
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coinciding with a climate aridity in the past 3kyr.The Gramineae and
Artemisia abundance gradually decreased from 30% to 5% with an
obvious diminution past 2kyr. The Quercus abundance decreased
slightly between 12% and 5% during that period, while the inferred ﬁre
events gradually increased in the past 3kyr, followed by a diminution
past 2 kyr at NZ site (Fig. 6). The FX, Corylus and Gramineae pollen
abundance goes down below 5%. Artemisia gradually decreases from
80% to 60%, whereas the inferred ﬁres occurrence increased past 2kyr
(Fig. 7).
In short, the C4 plants were more favor to competitive advantage
than the C3 plants during the interval of increased aridity between
them, as inferred from records of pollen and δ13C of soil organic matter
inﬂux, which likely provided more fuel sources for ﬁre occurrence. On
the other hand, the results presented here highlight the important role
played by ﬁre in a rise to prominence of C4 taxa in semiarid steppe
grassland on Loess Plateau since the early Holocene, along with in-
creasing aridity and seasonality. As can more easily occur ﬁres in the
eastern part of Inner Mongolia in China than that of the western every
spring in the last ﬁve years, which the limited distribution of C3 plants
could not meet ﬁres spread in the extreme dry climate condition (Li
et al., 2004).
6.3. Fire and human land use in response to climatic change
The application of paleo-ﬁres is one of the earliest ecological man-
agement tools by human (Bowman et al., 2009). Apparently, asyn-
chronous ﬁre patterns appear to be the close links with regional and
temporal variations and intensities of human activity during the onset
of a drier climate in the region during the late Holocene (Tan et al.,
2013). Speciﬁcally, Historical documents recorded that as the Holocene
progressed towards a colder and drier climate, the ancestors of the Pre-
Dynasty Zhou tribes who lived in the arid northern part of Loess Plateau
had migrated to the Guanzhong Basin (the southern part of Loess Pla-
teau), resulting from the shortage of forage availability and the north
tribes invasion during 3kyrBP.Subsequently, an evident increase in
charcoal and BC inﬂux indicate biomass burning to reclaim land for
cereal cultivation increased to an unprecedented scale over the
southern part of the study region during those periods. Whereas the
gradual increase in both C4 (Gramineae) taxa and charcoal inﬂux
around 3kyr BP and subsequent a decrease in the stable level indicate
human beings thus apparently were largely responsible for semi-arid
ecological landscape evolution. Archaeological and paleoecological
records show that a number of settlements were built at this time and
handicraft and bronze industries developed as observed in the Qishan
county (Huang et al., 2009b; Tan et al., 2015; Archaeological Institute
of CASS, 1991). Therefore, it can be inferred that primeval forest-steppe
landscape has been gradually replaced by the agricultural landscape in
the study area formed by deliberate burning means of wildﬁre in the
southern part of the study region since 3kyr BP (Huang et al., 2006; Tan
et al., 2011). In contrast, an obvious increase in charcoal and BC inﬂux
indicate biomass burning to reclaim land for cereal cultivation in-
creased to a higher level over the northern part of the study region till
2kyrB.P. Archaeological records indicate that an increasing number of
migrants poured in at the time and much more land was reclaimed for
dry farming in the north, when the Great Wall was under construction
on the northern part of loess tableland in order to defend against the
invasion from the north tribes during the Qin-Han Dynasty periods
(2170–1730yrBP).(Huang et al., 2006, 2009b; Archaeological Institute
of CASS, 1991). This result was conﬁrmed by the remains of settlement
during the Qin and Han Dynasties which was found in the study site
nearby (Archaeological Institute of CASS, 1991; Huang et al., 2009b).
Meanwhile, the gradual increase in both C4 pollen (Gramineae) and
microscopic charcoal since about 2kyrB.P. and a sharp decrease in C4
taxa (Gramineae) but an increase in micro-charcoal inﬂux at 1.5kyr BP
suggest that all the land suitable for farming had been reclaimed and
replaced by the farming system of terraced ﬁelds and dry farming
landscapes was gradually established in the northern part of the study
region around 1.5kyr BP (Tan et al., 2008; 2013). However, high
charcoal and BC inﬂux in the present plowed layer at the CCY proﬁle
perhaps arise from the burning of wheat and maize stalks in ﬁelds
since1.5kyr BP (Huang et al., 2006; Tan et al., 2013).
Heterogeneous ﬁre patterns across the Loess Plateau reveal the in-
teraction between ﬁre regime, ecological landscape and the regional
and temporal distribution of human land use in response to East Asian
monsoon climate change over the long term (Marlon et al., 2013).
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